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GENERAL INTRODUCTION

Individuals in the National Aeronautics and Space Administration have
long felt that much of the agency's research, although originally performed
in support of military and commercial transport programs, has not been applied
as completely as it might have been to general aviation activity, particularly
as the flight speed of these aircraft reached regions in which military and
commercial transport aircraft have operated during the past twenty-nine years.
NASA has also recognized that general aviation manufacturing concerns are quite
small compared to the usual aerospace manufacturer; they do not have the large
engineering staffs to adapt new technology rapidly, but operate more nearly
like the majority of American manufacturing concerns where evolutionary changes
rather than revolutionary changes are the order of the day. As a result,
technical information contained in NASA files must be specially processed to
make it really useful to such firms. As originally conceived, the vehicle for
this transfer would be a modern, step-by-step design manual.

Another difficulty faced by the general aviation industry is the lack of
young engineering talent with an appreciation of and interest in the industry's
problems. This is a result of the almost exclusive attention to the problems
of supersonic and space flight which has been characteristic of American
aeronautical education for the past 15 years. Younger faculty, for the most
part, are not familiar with the problems of light aircraft design and so fail
to motivate students to consider this field.

As a way of aiding the general aviation industry in this area as well as
with technical information, NASA contracted with North Carolina State
University to have a group of younger faculty and students conduct a survey of
all NACA and NASA-generated work since 1940 to identify technical information
of potential use in a light aircraft design manual. TFive faculty members of
the Department of Mechanical and Aerospace Engineering participated in the
program. Each was assisted by two Aerospace Engineering seniors who also were
given special sections of the regular senior work in Aerospace Engineering of
direct pertinence to light aircraft. ‘

Dr. James C. Williams was responsible for reviewing the work in aero-
dynamics and was assisted by Mr. Edwin Seiglar and Mr. Delbert Summey.

Dr. John N. Perkins was responsible for reviewing the work in air loads
and was assisted by Mr. Donald Knepper and Mr. William Rickard.

Dr. Clifford J. Moore reviewed the work on propulsion systems analysis
and was assisted by Mr. Donald Gray and Mr. Johany Logan.

Mr. Dennis M. Phillips reviewed the work in performance, stability and

control, and flight safety and was assisted by Mr. Robert Pitts and Mr. Paul
Ho.




Dr. Frederick O. Smetana was responsible for reviewing the work in
construction analysis, materials, and techniques and was assisted by Mr. Hudson
Guthrie and Mr. Frank Davis. Dr. Smetana also acted as Principal Investigator
on the project.

The majority of the work began 1 June 1968. The students devoted
approximately 30 hours a week each for the 13 weeks of the summer and 8 hours
per week during the fall semester to the project. Faculty commitment was
approximately 1/4 time during the summer and 2/5 time during the fall semester.

The students performed the majority of the actual document reviews after
being instructed as to the type of information desired. The faculty also
provided guidance when pertinence of a particular report was questioned or the
treatment was too advanced. Beginning in late fall, the faculty members
carried out an analysis of the reviews in their areas of cognizance to
(1) identify those of most probably interest in the development of a design
manual, (2) define the state of the art in each area, and (3) identify those
areas particularly well-treated or requiring additional research. The body of
this report contains the results of the analysis relating to structural design.
The individual reviews are reproduced in the appendix. Volume II treats aero-
dynamics and aerodynamic loads while Volume III is concerned with propulsion
systems, propellers, performance calculation, stability and control, and
flight safety.

It will be recognized that the assignment of a "not applicable" label to
a particular report is a judgment decision; the standards for making such
assignments inevitably vary somewhat from day to day and from individual to
individual. There is also the tendency on the part of any reviewer to become
more critical of the value of a report to a particular project as his
experience and the number of reports he has reviewed increases. Since the
present review began with the earliest documents, this discrimination is
applied more noticeably in the later documents. Additionally, it seems to be
inevitable that in the process of assigning reports to the various groups and
individuals for review some are reviewed twice and others not at all.
Although an effort was made to correct such deficiencies, some undoubtedly
remain, For these and others, the reader's indulgence is requested.

No attempt has been made to have the analyses prepared by the faculty
conform to a single style. This would have been difficult because all were
prepared simultaneously; but more importantly, the various topics were found
to have been given different emphasis with time and to vary widely in depth.
Consequently, each faculty member was asked to adopt that style which seemed
most appropriate to the material being covered.

The number of documents to be examined was on the order of 10,000. A
simple calculation will show that on the average less than 30 minutes could
be allotted to each report. Even if one discounts the 30%-40% which were
considered not applicable, the time available for review was still not large.
It is a fact, also, that the rate of generation has increased markedly during
the last nine years. However, since an in-depth index of all current NASA-
generated documents has been available for computer searching since 1962 and
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since current reports are more likely to be familiar to the working engineer,
major emphasis was placed on those reports produced prior to 1962.




GENERAL CONCLUSIONS

Five faculty members, assisted by ten undergraduate students, of the

Department of Mechanical and Aerospace Engineering at North Carolina State
University have reviewed the NACA/NASA-generated literature published since
1940 for information of possible pertinence to the design of light aircraft.
On the basis of these reviews, it is concluded that:

1. There is a wealth of structural design information available
which, if incorporated intelligently in light aircraft construction,
could result in improved structural efficiency.

2. To apply this information in the most effective fashion possible,
computer programs which have modest time requirements and which specify
the material gauges, the stiffener configuration and the stiffener
spacing when supplied with the body shape desired and the loading
expected must be developed.

3. The information available on propulsion subsystems is adequate for
design purposes but requires careful and complete assembly and must be
accompanied by detailed instructions for it to be used effectively.

4, There.are adequate, although, complex, theoretical methods available
for calculating aerodynamic wing loads.

5. More sophisticated theoretical methods making use of high-speed
computers need to be developed for the calculation of aerodynamic loads
on tail surfaces.

6. There is insufficient accurate information available on hinge
moments to construct reliable design charts.

7. Information on gust load experiences and spectral distribution is in
need of updating to permit structural designs suited to the varied
utilization of light aircraft.

8. Information on landing gear loads appears to be adequate.

9. Flutter information, while limited, appears to be suitable for
development of adequate design criteria.

10. There is a lack of data on body aerodynamics and wing-body and
tail-body interference effects; otherwise, there appears to be suffi~
cient information in the NACA/NASA literature to compile and prepare a
design manual suitable for use in the aerodynamic design of personal-~
type aircraft. i

11. Refined performance calculation procedures which permit the attain-
ment of instantaneously optimum flight paths and which are suitable for



use with light aircraft are available. Their utilization could be
increased through machine evaluation.

12. Generally-accepted, yet detailed criteria for the stability and

and control characteristics of light aircraft do not now exist, although
there is a wealth of data from which such criteria can probably be
constructed.

13. Recent high horsepower propellors have been designed using copious
data obtained during the late 1940's, This permits performance improve-
ments over the pre-1943 data used to design current light aircraft
propellers. ’

14, Insufficient attention has been given to fixing quantitatively the
combination of aerodynamic, propulsion, and structural parameters which
are required for a really safe-to-fly light airplane, although much of
the basic data from which such determinations can be made already exists.




A STUDY OF NACA AND NASA PUBLISHED INFORMATION OF PERTINENCE IN

THE DESIGN AND CONSTRUCTION OF LIGHT AIRCRAFT STRUCTURES

The basic structural elements used in light aircraft construction have
changed but little in the last 30 years. To be sure, the intervening years
have seen many improvements in fabrication techniques, materials, and struc-
tural efficiencies, but the rings, frames, plates, shells, beams, columns,
stringers, torsion boxes, shear panels, etc. remain. As a result, the models
used for analytical representation of actual structures remain much the same
as those used 30 years ago. This relative constancy of approach and the
continuing need for more accurate prediction of structural performance to
permit the selection and achievement of the most efficient structures has
resulted in a steadily-rising production of in-house, NASA-supported, and
foreign—-translation publications providing new test data or refined analytical
treatments. In only the two month period October and November 1968, NASA/SCAN
listed 94 articles under the heading "Stress Analysis" and 128 under "Shells."
Over a year's time, this projects to something on the order of 700 pertinent
documents, allowing for overlap. This does not include much of the
considerable volume of work being done on structural vibrations, fatigue,
and creep. It is thus reasonable to expect that most of the raw material
from which improved techniques in light aircraft design and construction can
be mined will be of very recent origin.

The translation of most of this wealth of raw material into practical
design and construction procedures, however, is not a simple task, since the
reports are for the most part solutions to specially-posed boundary value
problems which are related - but not necessarily identical - to realistic
structures. Considerable judgment must therefore be exercised in adapting
these methods to calculating the strength of proposed designs to insure that
an adequate safety margin is maintained and that the region of applicability
is not exceeded. Also, while many of the methods are readily adaptable to
computer calculation, others are closed-form solutions of more approximate
formulations better suited to manual manipulation. It seems inevitable,
however, that aircraft structural design must proceed in the direction of

(1) computer solution of more exact methods and

(2) the use of materials and techniques which permit higher strength-
to-weight ratios and require fewer man hours to fabricate.

Unfortunately, little in the way of detailed numerical methods or actual
computer programs seems to have emerged from the literature as yet. Since
these require considerable efforts to produce, it is 1likely that general
aviation manufacturing firms will be slow to adopt such methods. In the
latter area (newer materials and fabrication techniques) an even slower rate
of acceptance is to be expected since such steps usually mean working with
unfamiliar materials, large capital investment, and retraining the labor force.



At present, wing structures are usually treated basically as beams. They
must resist tension, compression, and torsion as well as bending. Torsional
stiffness is usually achieved by utilizing the wing skin as an element in a
multicellular torsion box. The thin skin required for this purpose in sub-
sonic aircraft is also effective in resisting tension but not the compression
which occurs during wing bending. To stiffen the skin, spanwise stringers are
used. To hold the skin surface to the airfoil shape and to transfer the air
loads to the cellular beam structure, ribs are used.

This structural arrangement, while efficient, is highly indeterminate so
that various simplifying assumptions must be made to obtain a tractable prob-
lem for hand calculation. Shear lag is neglected and linear stress-strain
relations are assumed, Skin and stringers are often assumed to carry only
tension loads. In practice, stringers are usually more lightly loaded than
the skin and more heavily than the spar caps for safety reasons.

Refinements in member sizes and hence structural efficiency are often
made when computing equipment is available to solve the many simultaneous
relations which must be written for highly redundant structures.

Fuselages are often treated as either fairly simple beams or trusses
subject to most of the same types of stress as the wing. The curved plates

which constitute the skin, however, often contribute considerably to buckling
stiffness.

Detailed design of ribs and frames usually considers them as stiffened
plates with cutouts subject to shear and normal loads.

In recent years, the requirements for missile and spacecraft structures
have led to considerable interest in monocoque and semi-monocoque or stiffened
cylindrical shells. ©Note the large quantity of recent literature dealing with
this topic. This structural form also has application to aircraft fuselages
but is not so employed extensively at present. This is probably because the
form, while offering some improvement in structural efficiency over more
conventional (ring~frame or truss) construction, is relatively new to this
application and theoretical methods for predicting strength are neither highly
accurate nor easy to use. Also conventional construction provides bulkheads
upon which equipment items may be attached and payload supported. Rather
radical procedures would be necessary to support concentrated loads in quasi-
monocoques. Bulk loads such as liquid propellants, of course, are more
readily carried.

For the review which follows, extracts from that portion of the NACA/
NASA-generated literature which initial examination had indicated were
probably applicable to the structural design of light aircraft were first
segregated according to topic and then studied in detail. It became evident
that it would not be possible in general to select a few reports under each
topic and say these contained either forgotten gems of wisdom or were the
definitive work in the area; the areas are simply too diverse for this and
the utility of so much of the test data and analytical procedures depends
upon the service to which the user wishes to put it. TFor this reason, the




review mentions most of the reports cited in the appendix but groups them
according to problem areas within each topic. The bibliographic information
and comment for those considered to be of greater significance to someone
devising modern design procedures is more complete than for those of
historical interest primarily. Reference to the appendix, however, will
provide virtually complete details.

It is intended that this review work serve as the initial phase of a
program to prepare a systemitized light aircraft design manual or set of
procedures. One is led to the conclusion, however, that to take full
advantage of significant recent developments in structural analysis theory,
no design manual in the conventional sense is feasible. The methods that
should be employed are quite complex, sufficiently so as to be beyond the
comprehension of the young designer. The time required to check several
alternate approaches becomes prohibitive, even for experienced analysts.
One cannot reasonably expect the general aviation industry to invest the
capital required to translate adequately much of this material into usable
computer programs; the payoff is just too long. Yet this is precisely what
is needed; digital computer programs to specify the material gauges,
stiffener spacing, stiffener type, and stiffener attachment method for each
type of comstruction (e.g., ring-supported, stiffened cylinder; semi~
monocoque; etc.) when the loading is given. Minimum cost and minimum weight
options can be provided. Plastic flow of secondary structure should be
permitted and accounted for when the loading reaches 100% of design values
and failure of the primary structure should occur at the usual 1,2 to 1.5
times limit design load. To keep the programs and computing time manageable,
each major component of the aircraft-wing, aerodynamic control surfaces,
fuselage, engine attachments, empenage, landing gear, and passenger cabin
should have individual design programs with alternates for different
construction techniques.

Programs of this complexity can only be written by large, sophisticated
engineering organizations such as those possessed by the major aerospace
companies and perhaps a few firms which specialize in computer software,
Rudimentary forms of such programs are, however, already in use by a few of
the large manufacturers for preliminary design activity. The cost of running
the programs, while economically advantageous for the large concerns because
of the large amount of engineering that goes into new commercial transport or
military aircraft, is not yet at a sufficiently low level to attract the
general aviation manufacturer. It is to be expected, however, that some
organization will recognize the commercial importance of this approach and
prepare suitable programs which can be sold to and used advantageously by
general aviation manufacturers.

One would anticipate that the use of such programs would lead to lower
cost aircraft with improved performance within a relatively short period of
time. There should also be maintained a continuing program to refine and
expand the programs, since the initial efforts of necessity will model some
aspects of the structure more crudely than one would desire.



It is suggested that initially only one of the major structural
components, such as the wing, be treated and that when completed, this
program be field-tested to provide feedback for use in the design of other
programs. The wing program should have as inputs the external wing geometry
and air loading in detail, the type and location of attachment to the fuse-
lage, the type of structure desired (e.g., ribs and spars of stressed-skin box
beam with relatively few internal supports), and the attachment points,
directions and magnitudes of major loads (landing gear, engines, control sur-
faces, and fuel tanks). The output would then be the skin thickness and the
number, location, and configuration of internal supports. Initially, the
design should be for a single material and for minimum weight with a limit on
minimum material gauge. Later, the program could include options for other
materials, could include estimates of manufacturing costs, and provide a mini-
mum cost option which can be compared to the minimum weight option.

The effort described above is regarded as that most likely to lead to
significant improvements in structural efficiency and attendent reductions in
fabrication cost in a short period of time; nevertheless, gains, although
more modest, can still be expected from a careful codification and application
of existing analytical and experimental results to produce a design procedure
manual in the same style as long-time standard college texts omn aircraft
structural design and analysis, but at a more advanced level and with more
detail.

Typically, new models in the general aviation industry are changed but
little from preceding models. Experience and a rudimentary knowledge of
strength of materials indicates generally what alterations need be made for
structural integrity; static test of the new structure then validates the
design. Most of the existing dies and jigs are utilized. Engineering,
tooling, and training costs are thus kept reasonable and predictable.
Inefficient designs are retained simply because it costs a lot of money to
change them and the competition also has inefficient designs which the average
buyer is usally too unsophisticated to recognize.

In the American economy, product price uéually has a strong influence on
sales volume. With the relatively low-volume production runs given most
models, it is just not practical to invest large sums in engineering; the
sharply increased sales price necessary to recover the investment will
disillusion buyers unless there is a corresponding, marked improvement in
performance. Structural design, being still a somewhat inexact science, is
difficult to quantize. One cannot often say that a completely new airframe
with a given,superior, structural efficiency, satisfying all expected
failure modes can be designed for X dollars, X being a sufficiently small
number that corporate management can be guaranteed that the aircraft will
have significantly higher performance per dollar.

Realistically, in the absence of the quantum performance jump which would
accompany the availability of really low cost computer design programs, one
would anticipate that a series of competently-constructed design charts and
nomograms to lead a small group of less~sophisticated engineers rapidly and
step-by~step through the design of an improved major structural component -




would be welcomed by the industry; adoption of these charts for the design of
first one component and then another, as the various models evolve and as the
benefits of the approach are demonstrated, is to be expected.

As indicated above, another facet of aircraft manufacturing upon which
substantial effort must be lavished in order to increase the level of aircraft
ownership is that of reducing the assembly cost. It should be obvious that
hand riveting of all the components is, or soon will be, prohibitively
expensive. Machine fabrication by either riveting or spot welding of
substantially the same type of structural elements can be cheaper only if the
tooling cost per item can be reduced below the labor cost - usually possible
only for long or high-volume production runs. What is needed is something
akin to blow molding of plastics during which an entire structural component
such as a wing or fuselage is created in ome or two pieces. The development
of the requisite materials, fabrication techniques, and analysis procedures
should therefore be an item of high priority in a meaningful structural
research program.

It will be noted from the review that the continuing and very active
program in the prediction of the static load-carrying ability of wvarious
configurations of plates, and more recently of shells, still has not been
able to provide soundly-based methods which yield slightly conservative
predictions; the best methods available give allowable loads more than 107
above experimentally-determined failure points. One problem in correcting
this situation is that more efficient stiffener and support configurations
are constantly being developed. Thus new analytical approaches are constantly
required and time is not available to refine the predictions on a single
configuration. Since the static load-carrying capacity of a structural member
is the most important performance parameter to be calculated, it is entirely
appropriate that the major portion of the research effort should be in this
area and that the analysis methods which have been developed are more refined
here than in some other areas. This situation can be expected to continue in
the future.

Although treatments of structural vibrations and flutter have important
applications in high speed, high-usage aircraft and particularly in launch
vehicles, they have not yet reached this stage of significance in light air-
craft. Somewhat similar comments may be made with regard to fatigue design.
The portion of the total research program devoted to these areas is thus
regarded as adequate.

Contributions to beam theory while not plentiful, particularly in recent
years, are considered as being issued at an acceptable rate. This reviewer
also regards NASA contributions to the theory of elasticity to be at an
adequate level as far as light aircraft design is concerned.

Cne area where the need for a somewhat higher level of effort appears to

be indicated is in plasticity analysis, particularly if reasonably ductile
metals continue to be the favorite materials of construction.
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Langley Research Center is justly famed for its research on materials for
an almost infinite variety of aircraft and spacecraft applications. A large
quantity of reports bears testimony to this fact. From the standpoint of the
light aircraft structural designer, however, strictly metallurgical informa-
tion, test results obtained under unusual conditions, and design information
on exotic or unfamiliar materials are of little interest. For these reasons,
many reports dealing with tests on structural shapes have been marked as '"mot
applicable" or have not been discussed in the body of the review. In general,
the properties of suitable metallic materials for light aircraft construction
appears to have been covered adequately. As suggested earlier, however, one
facet which could profitably be added to the research program is the develop-
ment of moldable materials with strength-to-weight ratios comparable to that
of aluminum and the techniques required to produce large, complex,
dimensionally-accurate, load-bearing shapes in single units from such
materials.

The reader is encouraged to examine these conclusions as he scans the
following review.

It will be noted that the reports in the Appendix are divided into two
groups: those considered at least generally applicable to the design and/or
analysis of light aircraft structures; and those considered to relate to
structural design and analysis or to material properties and tests in a
general fashion but not to be particularly applicable to light aircraft. 1In
each group, the reports are listed chronologically by series. The table
below gives the initial and final number of the reports in each group by
series.

Applicable Not Applicable
First NACA Technical Note 746 744
Last NACA Technical Note 4403 4372
First NASA Memorandum (Memo) 5-3-59L 10-5-58E
Last NASA Memorandum (Memo) 5-3-59L 6-14-59L
First NASA Technical Note 98 1
Last NASA Technical Note 2578 2649
First NACA Technical Report 696 707
Last NACA Technical Report 1343 1392
First NASA Technical Report R-13 R-5
Last NASA Technical Report R-103 R-112
. . L 2 None
First NACA Wartime Report W 31 W 70
Last NACA Wartime Report L 691 None
W 102 W 103
First NACA Research Memorandum L 8130b A 51 L 17a
E 7 G 18a
L 7 H 28
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Applicable Not Applicable

Last NACA Research Memorandum L 8130b A 58 B 26
E 57 K 22a
L 57 L 13
First NACA Technical Memorandum 933 . 964
Last NACA Technical Memorandum 1297 1290
First NASA Technical Translation F-27 F-34
Last NASA Technical Translation F-27 F-64

As noted in the Introduction, the student reviews began with reports from
the year 1940 and proceeded forward to those issued about 1964. It became
evident, however, that there was much information of direct pertinence to the
review in the current literature. Accordingly, the writer secured most of the
D-series technical notes, technical translations, and generally-circulated
contractor reports dealing with structural analysis for the years 1966, 1967,
and 1968. Some earlier documents were also included. These he reviewed;
those regarded of pertinence are discussed below. The bibliographic informa-
tion given is not complete, except for those reports regarded to be the more
significant; but in all cases sufficient detail is given so that the interested
reader may secure the report for himself. This method was adopted to aid the
flow of the narrative. Since these reports were not reviewed by the students,
the Appendix mostly lists bibliographic information for the D-series technical
notes after 1964. Contractor reports are not mentioned.

The bibliographic information given in the review below for the older
work is generally very short, usually just the report number. Complete
citations for these older documents are given in the Appendix.

Contributions to the Theory of Elasticity

1. Essential to the development of new improvement structural analysis pro-
cedures are the more powerful or more detailed theoretical methods upon
which they are built. Thus despite the apparent inapplicability of many
of the more recent contributions to the theory of elasticity, it is
imperative that such studies be continued. Typical of some of this
activity are CR-549 (The Eigenvalue Problem for Beams and Rectangular
Plates with Linearly Varying In-Plane and Axial Load), CR-621 (An
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Extension of Plane Strain Analysis) and CR-779 (An Integral Equation
Method in Plane Elasticity).

Older work in this area is represented by TNs 871 and 1823 and TR 1342,

Another recent contribution of interest which generalizes earlier and
simpler theory is "A Theory of Anisotropic Viscoelastic Sandwich Shells™
by John L. Baylor, CR-396, March 1966, 69 pp.

Analytical solutions for the stress state in an edge-stiffened rectangular
plate with boundary loads, boundary displacements, and temperature
gradients are presented in CR-864, (August 1967),226 pp. by Lin and Libove.
Numerical evaluation by computer was found to require substantial time.
Earlier work by the same group is given in TN D 2505, 1964.

Advanced Analytical Methods - Plasticity Analysis

"Discrete~Element Methods for the Plastic Analysis of Structures" by G.
Isakson, H. Armen, Jr., and A, Pifko, NASA CR-803, October 1967, 206 pp.
This is a study of improved methods of structural analysis and the
accompanying digital computer programs which could be used in the
construction of large, supersonic aircraft. The position taken is that
improved failure prediction techmiques must include consideration of
plastic behavior. Two areas are considered: dinelastic stress analysis
in the presence of load cycling and plastic buckling of the bifurcation
type. Applications treated include the swept multicell box beam, the
notched bar, and the stiffened panel. Associated computer programs are
presented in CR-66364. 80 references.

Earlier contributions to plastic buckling and plastic behavior include
TN 1530 (TR 946), TN 1556 (TR 898), TN 1681, TN 1705, TN 1817, TN 1871,
TN 1971, TN 1985, TN 1990, TN 2029, TN 2217, TN 2287, TN 2301, TN 2737,
and TR 1029.

Structural Vibrations and Flutter

Representative of the analytical and experimental efforts to specify
panel flutter, whole wing flutter and vibrational modes, and beam
vibrations are TN 746, TN 1594, TN 1747, TN 2132, TN 2300, TN 2540,
TN 2608, TN 2682 (TR 1129), TR 914, and TR 1302.

Of interest when wing structures are subject to impact loads is TR 828,
“"Bending and Shear Stresses by the Instantaheous Arrests of the Root of
a Moving Cantilever Beam," by Elbridge Z. Stowell, Edward B. Schwartz
and John C. Joubolt. -
Other studies dealing with beam vibrations are presented in TN 1522, TN
1583, TN 1909, TN 1996, TN 2185, TN 2594, TN 2874, TN 2875, and TN 2884,
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Determination of Inertial Parameters

Techniques for measurement of full-~scale aircraft moments of inertia
along with data on a number of older aircraft type are presented in
TNs 780, 1187, 1629, and 2201.

Of interest in determining the required torsional stiffness of an air-
craft wing are the charts and equations presented in TR 799 by Henry A.
Pearson and William S. Aiken, Jr.

Fatigue Design

"Some Considerations in the Fatigue Design of Launch and Spacecraft
Structures,”" R. H. Christensen and R. J. Bellinfante, NASA CR 242, June
1965, 109 pp. A handbook, wvirtually, on recommended design practice
where fatigue failures may be involved. Many charts and tables. 41
references.

Fatigue tests of a full scale transport aircraft wing structure are
reported in TN 2920 by M. James McGuigan, Jr.

Results on axial fatigue tests of 10 airplane wing-beam specimens are
presented in TN 959,

Materials

In general, the physical properties of aluminum alloys are well known in
the airframe manufacturing industry. The material suppliers make it their
business to provide such information to the users of their products. The
suppliers are also alert to provide the user with the latest in fabrica-
tion techniques for their products. Information on spot welding of
aluminum £alls in this category. One can mention TNs 869, 1322, 1411,
1415, 1464, 2157, and 2538, however, as providing additional information.

An important area where supplier information is likely to be less
satisfactory is the fatigue life of construction materials and built-up
shapes. This is covered in some detail for aluminum in TNs 792, 852, 857,
865, 900, 917, 955, 971, 983, 992, 1030, 1469, 1485, 1489, 1514, 1889,
2012, 2231, 2276, 2324, 2389, 2390, 2394, and 2812.

Bearing strengths of aluminum alloy sheets is treated in TNs 901, 920, 974,
981, 1502, and 1503. Rivet properties are covered in TNs 804, 916, 930,
942, 948, 1036, 1125, 1205, and 1523.

Information on general stress-strain properties of aluminum alloys is

given in TNs 819, 924, 927, 1010, 1072, 1162, 1385, 1512, 1513, 1536,
1552, 2085, and 2094.



The effects of circular holes or other stress raisers is covered in TNs
1611, 1830, and 1974.

Torsional strength of aluminum shapes is reported in TNs 879, 885, 904,
and 1097.

Shear strength of aluminum sheet is treated in TNs 833 and 1756.

Properties of honeycomb structures are treated in TNs 1529, 2084, 2106,
2208, 2243, 2289, and 2564,

Plates and Shells

SHELL ANALYSIS MANUAL, Baker, E. H.; Cappelli, A. P.; Kovalevsky, L.;
Rish, F. L.; and Verette, R. M., North American Aviation, Inc., Downey,
California, NASA CR-912, 804 pp., April 1968.

Volume is divided into five topies:

Introudction to Shell Theory

Procedures for Static Analysis of Shell Structures
Procedures for Stability Analysis of Shell Structures
Minimum Weight Shell Design

. Optimum Use of Computer Programs

e~

This volume reviews shell analysis methods in use in 1965. 197 references
to the literature are presented. Generally, the techniques presented are
adaptations of the classical solutions in the literature rather than
systematic design procedures to arrive at minimum weight structures for
particular applications. The emphasis is on the first three topics.
Treats mainly thin shells with both linear and non-linear deflections.

GENERAL THEORY OF SHELLS AND ITS APPLICATIONS IN ENGINEERING, V. Z.
Vliasov, NASA TTF-99, April 1964, 913 pp. Presents the results of

perhaps twenty years work by the author (up to 1947) dealing with advanced
topics in the theory of shells.

THEORY OF SHELLS AND PLATES, S. M. Durgar'yan editor. NASA TTF-341, 1966,
948 pp. Proceedings of 4th All-Union Conference on Shells and Plates held
at Erevan 24-31 October 1962, 122 papers dealing with theoretical
developments and applications to a variety of engineering problems.
Interest in thermal stresses, dynamics of shells, and stability is evident.
Little work reported on computer solutions (perhaps 4 or 5 papers).

DYNAMICS AND STRENGTH OF SHELLS, P. M, Ogibalov, NASA TTF-284, 1966, 319
pp. Tramslation of a 1963 Russian textbook on shell dynamics and shell
stability. Special topics considered are elastic and inelastic stability,
effect of plastic hardening of shells, inhomogeneity of shell materials,
and penetrating radiation.
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RIB-REINFORCED PLATES AND SHELLS, G. M. Savin and N, P. Fleishman, NASA
TTF-427, 1967, 334 pp. 1964 Russian book which is the result of 12
years work by the authors and their students in the following subject
areas:

(1) analysis of stress concentrations in plates and shells reinforced by
stiffening ribs

(2) efficient design of the reinforcing elements, aiming at an optimum
structure of thin plates and shells with ribs.

Contains a bibliography of 213 items.

As part of a continuing in-house study of the buckling of stiffened
cylinders, NASA has published at least 22 TNs (or equivalent) during the
period 1959-1967. Two of these, TN D 2960 by Block, Card, and Mikulas
and TN D 3351 by David L. Block, present a small deflection theory for
buckling of stiffened orthotropic cylinders which includes eccentricity.
Loadings considered include pure bending (TN D 3351) and combined axial
and circumferential loading (TN D 2960). Test data has been acquired

for honeycomb sandwich cylinders subject to bending (TN D 2926), truss
core sandwich cylinder loaded in bending (TN D 3157), buckling of ring-
stiffened circular cylinders loaded by uniform external pressure (TN D
3111), bending of ring-stiffened corrugated cylinders (TN D 3336), ring-
stiffened thin wall cylinders subject to axial compression (TN D 506),
buckling of stringer-stiffened cylinders (TN D 3639), compression of
stringer~stiffened cylinders (Memo 2-~12-59L), buckling of ring-stiffened
cylinders (TN D 3647), and bending of corrugated, ring-stiffened cylinders
(TN D 3702). The test data indicate that failure occurs at about 70% of
predicted value (using the theory of TN D 3351 or TN D 2960). As a
result, additional theoretical work is underway to improve these pre-
dictions as evidenced by TN D 3769 (plastic buckling of axially compressed,
eccentrically stiffened cylinders), TN D 3826 (eccentrically stiffened
shallow shells of double curvature), and TN D 4073 (structural efficiency
of ring-stiffened corrugated cylinders in axial compression). Others in
this series include TN D 3089 (general instability of ring-stiffened
corrugated cylinders under axial compression), TN D 1510 (a collection

of papers on shell stability), TN D 2482 (influence of ring stiffeners on
instability of orthotropic cylinders in axial compression), TN D 1251
(structural behavior and compressive strength of circular cylinders with
longitudinal stiffening), TN D 526 (correlation of the buckling strength
of pressurized cylinders in compression or bending with structural
parameters), TN D 98 (optimum proportions of truss core and web-core
sandwich plates loaded in compression), TN D 2783 (effect of face sheet
stiffness on buckling of curved plates and cylindrical shells of sand-
wich construction in axial compression) and for an unstiffened cylinder
TN D 2814 (collapse tests of pressurized membrane-like circular cylinders
for combined compression and bending).

In addition to its in-house program NASA is supporting substantial
university and industry programs in cylindrical shell analysis as well
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11.

12.

as translations of Russian works. Representative examples are CR 540
(buckling of cylindrical shell end closures by internal pressure), CR 161
(influence of edge conditions on the stability of axially compressed
cylindrical shells), TN D 2537 (the effect of end slope on the buckling
stress of cylindrical shells) and TTF 412 (local stability of sandwich
shells of revolution).

Work on spherical shells in addition to that in the monographs cited
above is represented by CR 567 (Analysis of a Spherical Shell with a Non-
Axisymmetric Boundary), CR 550 (An Experimental Study of the Buckling of
Complete Spherical Shells), and TN D 3002 (Membrane Analysis of
Pressurized Thin Spheroid Shells Composed of Flat Gores and Its Applica-
tion to Echo II).

Since most fuselages must contain access ports of various sizes, there
has always been considerable interest in the effect of such cutouts on
the strength of the fuselage and in means of redistributing the stress
concentrations. Typical of NASA's recent publishing activity in this
area are TTF 408 (Stress Concentration About Curvilinear Holes in
Physically Nonlinear Elastic Plates), TTF 282 (Stress Concentration in a
Cylindrical Shell with a Round Aperture in Its Side), TN D 2672 (In-
vestigation of the Elastic-Plastic Stress State Around a Reinforced
Opening in a Spherical Shell), and TTF 424 (The Stressed State Near
Curvilinear Reinforced Orifices in Shells).

Other reports which have application to fuselage design but are not as
readily categorized include TN D 2799 (Analysis of Pressurized and
Axially Loaded Orthotropic Multicell Tanks), TTF 402 (Propagation of an
Arbitrarily Oriented Rectilinear Crack During Extension of a Plate),

CR 705 (On the Duality Between the Problems of Stretching and of Bending
of Plates), and CR 707 (The Influence of Prebuckling Deformation on the
Buckling Load of Truncated Conical Shells Under Axial Compression).

Of general interest in the design of plates and shells is the stress
intensity at the edge of "cracks." Typical of the activity in this
area are TN D 2603 (Stress-Intensity Factors for Single-Edge-Notch
Specimens in Bending or Combined Bending and Tension by Boundary
Collocation of a Stress Function), CR 655 (Development and Application
of a Photoelasto-Plastic Method to Study Stress Distributions in the
Vicinity of a Simulated Crack), and TR R 265 (Stresses at the Tip of a
Longitudinal Crack in a Plate Strip).

Norris F. Dow, William A. Hickman and others compiled a series of reports
presenting test data and voluminous design charts for the compressive

strength of panels of various materials with stiffeners being attached by
rivets:

TN 1274 - Compressive Strength Comparisons of Panels Having Aluminum

Alloy Sheet and Stiffeners with Panels Having Magnesium Alloy
Sheet and Aluminum Alloy Stiffeners.
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TN

TN

TN

TN
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1389

1421

1439

1467

1640

1737

1777

1778

1787

1978

2139

2435

2792

Design Charts for Flat Compression Panels Having Longitudinal
Extruded Y-Section Stiffeners and Comparison with Panels Having
Formed Z-Section Stiffeners.

Effect of Variation in Diameter and Pitch of Rivets on
Compressive Strength of Panels with Z-Section Stiffeners.
Panels of Various Lengths with Close Stiffener Spacing.

Compressive Strength of 24ST Aluminum Alloy Flat Plates with
Longitudinal Formed Hat-Section Stiffeners Having a Ratio of
Stiffener Thickness to Skin Thickness Equal to One.

Effect of Variation in Diameter and Pitch of Rivets on
Compressive Strength of Panels with Z-Section Stiffeners.
Panels of Various Stiffener Spacings That Fail by Local
Buckling.

Direct Reading Design Charts for 75ST Aluminum Alloy Flat
Compression Panels Having Longitudinal Straight Web Y-Section
Stiffeners.

Effect of Variation in Diameter and Pitch of Rivets on
Compressive Strength of Panels with Z-Section Stiffeners.
Panels That Fail by Local Buckling gnd Have Various Values of
Width-to-Thickness Ratio for the Webs of the Stiffeners.

Direct Reading Design Charts For 24ST Aluminum-Alloy Flat
Compression Panels Having Longitudinal Straight-Web Y-Section
Stiffeners.

Direct Reading Design Charts For 24ST Aluminum-Alloy Flat
Compression Panels Having Longitudinal Formed Z-Section
Stiffeners.

Comparison of the Structural Efficiency of Panels Having
Straight Web and Curved Web Y-Section Stiffeners.

Data on the Compressive Strength of 755-T6 Aluminum Alloy Flat
Panels Having Small Thin, Widely Spaced, Longitudinal Extruded
Z-Section Stiffeners.

Effect of Variation in Rivet Diameter and Pitch on the Average
Stress at Maximum Load for 245-T3 and 755-T6 Aluminum Alloy,
Flat Z-Stiffened Panels That Fail by Local Instability.

Direct Reading Design Charts for 75S-T6 Aluminum Alloy Flat
Compression Panels Having Longitudinal Extruded Z-Section
Stiffeners.

Direct Reading Design Charts for 24S-T3 Aluminum Alloy Flat
Compression Panels Having Longitudinal Formed Hot-Section
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Stiffeners and Comparisons with Panels Having Z-Section
Stiffeners.

TN 2963 - Effect of Variation in Rivet Strength on the'Average Stress at

Maximum Load for Aluminum Alloy, Flat Z-Stiffened Compression
Panels That Fail by Local Buckling.

These 15 reports, representing the most advanced methods generally
available for this type of construction, form a rather complete set of
design specification aids, allowing one to select the sheet size,
stiffener spacing, rivet size and spacing when the loading is specified.
TR 827, "Charts for the Minimum Weight Design of 24S-T Aluminum-Alloy
Flat Compression Panels with Longitudinal Z-Section Stiffeners," by

Evan H. Schuette and TR 1195 (RM L53 Ll3a) "Formulas for Elastic Constants
of Plates with Integral Waffle-Like Stiffening" by Norris F. Dow, Charles
Libove, and Ralph E. Hubka are also useful in this connection.

Information on the behavior of stiffened and unstiffened plates under
combined axial load and normal pressure is contained in TNs 786, 848,
849, 943, 949, 1041, and 1047. See also TR 740. Both analysis and
experimental data are presented. Stainless steel is the tested material
in TN 786. These data have application in boat hulls, pontoons,
pressurized fuselages, and integral wing fuel tanks.

Some of the initial theoretical and ekperimental studies of sandwich
plates are represented by the series TN 1251, TN 1526 (TR 889), TN 1822
(TR 967), TN 1832 (TR 975), TN 1886, TN 1910, TN 2017, TN 2214, TN 2225,
TN 2581, TN 2601, TN 2620, TN 2637, TN 2679.

Representative of the almost continuous study - theoretical and
experimental - of stiffened and unstiffened plates carried out by the
Langley Research Center since 1940 are the TNs 752, 811, 856, 882, 883,
884, 885, 921, 944, 1009, 1119, 1124, 1157, 1172, 1222, 1223, 1346, 1347,
1348, 1425, 1462, 1480, 1482, 1553, 1557, 1559, 1565, 1589, 1625, 1661,
1710, 1728, 1750, 1825, 1829, 1851, 1879, 1891, 1928, 1972, 2392, 2536,
2556, 2671, and 3023, These 41 reports present a wealth of test data
and analytical efforts on a variety of plate configurations which have
application in aircraft structures. Considerable codification,
correlation, and condensation is required, however, to make these results
usable in design manuals or formalized procedures. Additional data and
analysis in this area are presented in TRs 733, 734, 735, 739, 809, 847,
and 1255 and in TN 2873, TN 2782 and RM L8 I30b.

About 1944, N, J. Hoff and others began three extended analytical and
experimental studies of monocoque cylinders for use as fuselages in air-~
craft. "The Inward Bulge Type Buckling of Monocoque Cylinders" in five
parts (TNs 938, 939, 968, 1499, 1505) provides methods for calculating
critical loads which come within about 237 of experimental results.
"Numerical Procedures for the Calculation of the Stresses in Monocoques"
in four parts (TNs 934, 950, 998, and 999) are developments of Southwell's
relaxation methods to the solution of these problems. More recent,
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faster numerical methods for solving the equations are, however, now
available. "Stresses in and General Instability of Monocoque Cylinders
with Cutouts" in eight parts (TNs 1013, 1014, 1263, 1264, 1435, 1962,
1963) presents a numerical method for making such determinations
analytically and compares the results with experimental results. In
every case, the analytical procedure was somewhat optimistic - from 13%
to 39%Z. The book, Stresses in Aircraft and Shell Structures by Paul
Kuhn (McGraw-Hill, 1956) of the Langley Research Center presents an
exposition of the most desirgble stress analysis methods available
through the mid 1950's. Other work on stress analysis of cutouts in
circular semimonocoque cylinders may be found in TR 1251 (TN 3199) by
Harvey G. McComb, Jr.

Other older but excellent theoretical and experimental work on cylinders
for fuselages is given in the series "Some Investigations of the General
Instability of Stiffened Metal Cylinders'" by members of the Gugenheim
Aeronautical Laboratory at the California Institute of Technology --

TNs 905, 906, 907, 908, 909, 910, 911, 1197, and 1198, July 1943 to May
1947.

A detailed discussion of the state of knowledge dealing with the
stability of cylinders as of 1943 is found in TN 918 by L. H. Donnell.

Typical of the work on cylinders still in widespread use as evidenced by
its treatment in CR 912 (see above) is the series by S. B. Batdorf and
others, TN 1334, TN 1341 (TR 874), TN 1342 (TR 874), TN 1343, TN 1344,
TN 1345, TN 1981, and TN 2021. See also TR 887.

Some test data from smaller scale test programs on cylinders is found in
TNs 800, 851, 2188, and 2821.

Other older work, both theoretical and experimental on cutouts in sheets
or cylinders is contained in TNs 1176, 1241, 1852, and 2073.

Studies of the stresses on the rings supporting cylindrical shells are
given in TNs 929, 993, 1098, 1219, 1310, 1692, and 1786 (Report 934).
Kuhn's book covers this information.

When cylinders or stiffener sections become very long and are loaded
axially they are treated as columns. Representative of the work done
in this area are INs 824, 1004, 1027, 1335, 1519, 1751, 2163, 2267
(Report 1072), 2272, 2362, 2640, and 2872.

An interesting study of "The Shearing Rigidity of Curved Panels under
Compression'" by N. J. Hoff and Bruno A. Boley (TN 1090) finds that the
shearing rigidity decreases with increasing compression.

Two works dealing with bending, stretching and torsion of sandwich shells
are TR 975 and TR 1316 (TN 3749).
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Indicative of the type of analysis which must, for reasons of cost and
performance, soon come into general use is CR 1217, "Structural Synthesis
of a Stiffened Cylinder" by William M. Morrow II and Lucien A. Schmit,
Jr., December 1968, 163 pp.,39 references. For a given cylinder
dimension and loading, the synthesis scheme determines the skin thickness,
the dimensions of the stiffeners, and the spacing of the stiffeners.
Eleven different failure modes are considered. Material yield failure

in skin and stiffeners are considered as well as instability modes. The
problem is treated as a nonlinear mathematical programming problem. The
constrained minimization problem is converted to a sequence of
unconstrained minimization problems and then solved. The solutions
generated are a sequence of noncritical designs with decreasing weight.
Detailed mathematical analysis of the stiffened cylinder along with the
computer program for obtaining numerical results are presented.

Another of the recent approaches to the analysis of stiffened cylindrical
shells which rely on the use of computers is CR 1280, 'The General
Instability of Eccentrically Stiffened Cylindrical Shells under Axial
Compression and Lateral Pressure" by John N. Dickson and Richard H.
Brolliar, January 1969, 108 pp., 22 references. The governing equa-
tions for the general instability of an orthogonally stiffened cylindrical
shell are derived, using small deflection theory, and the computer program
for solving the system is presented along with instructions for its use.

An outstanding compilation of the theoretical and experimental knowledge
concerning the stability of plates and shells as of 1957 is contained in
the series of technical notes by George Gerard and Herbert Becker given

the general title, Handbook of Structural Stability:

TN 3781 - Buckling of Flat Plates, 102 pp., 64 refs.

TN 3782 - Buckling of Composite Elements, 72 pp., 30 refs.

TN 3783 - Buckling of Curved Plates and Shells, 154 pp., 84 refs.

TN 3784 - Failure of Plates and Composite Elements, 93 pp., 31 refs.

TN 3785 - Compressive Strength of Flat Stiffened Panels, 89 pp.,
44 refs,
Strength of Stiffened Curved Plates and Shells, 82 pp.,
56 refs.

TN 3786

Beams
Work on various design materials and loading aspects of box beams is
represented by the series TN 784, TN 791, TN 806, TN 872, IN 873, TN 893,
TN 953, TN 1066, TN 1297, TN 1323, TN 1466, TN 1525, TN 1749, TN 2054,
TN 2153, TN 2414, TN 2452, TN 2529, TN 2760, and TN 3082.
Truss stability studies are presented in TN 937 and TN 2886.

Buckling of beam structures is covered in TNs 770, 962, 1063, 1433, 2020,
and 2840.
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Studies of wing (beam) deflection are contained in TN 1361 (Deformation
Analysis of Wing Structures, by Paul Kuhn), TN 1827 (Matrix Methods for
Calculating Cantilever-Beam Deflections, by S. V. Benscoter and M. L.
Gossard), TN 2600 (Stresses and Deformations in a Wing Subjected to
Torsion, by B. F. Ruffner), and TN 2621 or TR 1131 (Deflection and Stress
Analysis of a Thin Solid Wing of Arbitrary Plan Form with Particular
Reference to Delta Wings, by Manuel Stein, J. E. Anderson, and J. M.
Hedgepeth).

Strength analysis and test of stiffened beam webs is covered by TN 1058,
TN 1364 (superseded by TN 1756), TN 1544, TN 1635, TN 1820, TN 2548, and
TN 2930.

Specific consideration of diagonal tension is contained in the work of
Paul Kuhn and others: TN 1481 (Diagonal Temsion in Curved Webs), TN

2661, TN 2662 (A Summary of Diagonal Tension. Part I Methods of Analysis,
Part II Experimental Evidence), TR 697 (Investigations on the Incompletely
Developed Plane Diagonal Tension Field), and TR 739 (Shear Lag in Box
Beam. Methods of Analysis and Experimental Investigation). This material
is covered at length in Kuhn's book, Stresses in Aircraft and Shell

Structures, McGraw-Hill, 1956.
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NACA Technical Notes Dealing with Structural Analysis
or Design Judged Applicable to Light Aircraft

THE FREQUENCIES OF CANTILEVER WINGS IN BEAM AND TORSIONAL
VIBRATIONS, C. P. Burgess, January 1940

A simple method to determine the period and frequency of
vibration of a wing in which the weight and moment of inertia
vary along the span. The approximation is that the curvature
of the wing in vibration is assumed to be constant. The
results have an error of less than 1%. The period is given
by

4n2f wyzdx
T2 =

g [ E1(d%y/dx?) %dx

w = weight per unit length
y = deflection

g = acceleration of gravity
d

— = constant

An approximation is also available for the torsional period.
It is assumed that the angle of twist varies linearly along
the semispan. The period is given by

2 41t2 [ Pzdx
T

g6 J (D) (o Zax

. do .
quantity ae is assumed equal to one.

The IE

P = polar moment of inertia of weight per unit length
G = shear modulus

k = kinetic energy

DAMPING FORMULAS AND EXPERIMENTAL VALUES OF DAMPING IN FLUTTER
MODELS, Robert C. Coleman, NACA, 1940

Structural damping, theory and experiments. See Scanlan and
Rosenbaum, Aircraft Vibration and Flutter, 1951.

AN INVESTIGATION OF SHEET STIFFENER PANELS SUBJECTED TO COM-
PRESSION LOADS WITH PARTICULAR REFERENCE TO TORSIONALLY WEAK
STIFFENERS, Louis G. Dunn, C4lifornia Institute of Technology,
February 1940
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This report is a reference for TN 918 which is a condensation
of several theory processes.

A total of 183 panels of 245T aluminum alloy with thicknesses
of 0.020, 0.025, and 0.040 inch with extruded bulb-angle sec-
tions of 12 shapes spaced 4 and 5 inches as stiffeners were
tested to examine buckling stress.

Primary purpose was to investigate the behavior of stiffened
panels such as are used in aircraft construction.

"The scope of the tests is insufficient for general design
criteria."

In 1943 TN 918 uses the data of TN 752 to compare with a theo-
retical analysis of this type and similar problems.

The data agrees generally with the theory of TN 918.

A FULL SCALE INVESTIGATION OF THE EFFECT OF SEVERAL FACTORS ON
THE SHIMMY OF CASTERING WHEELS, Walter B. Howard, Jr., April
1940

A detailed study was made to determine the effect of several
factors on the shimmy of castering wheels. The factors con-
sidered were the geometric arrangement, the tire types, the
variation of loads, the spindle moment of inertia, and the

tire inflation. By varying the above factors the minimum
solid friction required to damp the shimmy was compared to
these changes in the above factors. Experiments were carried
out on a cart pulled by an automobile and a Hammond Y-1 Air-
plane with a tricycle landing gear. The tendency for the wheel
to shimmy can be seen by the value of solid friction needed to
stop shimmy. These values ranged from 50 in-1b to 150 in-1b.
The general variation of solid friction required to stop shimmy
vs caster angle is shown below.
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This indicates that the tendency to shimmy does not vary much
with the caster angle. The tendency to shimmy was less at zero
or small negative caster angles than at the larger positive
angles,

The results from tests on the test cart were as follows:

1. The inflation (high or 1ow) or type of tire does not greatly
affect the tendency to shimmy.

2. VWhen the spindle moment of inertia was increased there was
a slight increase in the tendency to shimmy.

3. Increases in the load on the cart causes significant in-
creases in tendency to shimmy.

4. As the fork offset was increased the tendency to shimmy was
also increased.

5. The solid friction needed to prevent shimmy was found to be
proportional to the load on the cart.

The values obtained with the tow cart when applied to the Hammond
Y¥-1 Airplane were sufficient to prevent shimmy.

The determination of the tire constants were determined as follows.
For the streamline tire the solid friction required is given by

Tmax = 0.02 ruWW 1b_ft
r = tire radius
u coefficient of friction

nn

w load

The vicious damping for the streamlined tire is given by

1b-ft
radians per sec

Knax = 32r2 NTw

These expressions are intended only to indicate the range and
order of damping. But the solid friction can be considered exact.
The theory from which these equations are derived is from the
following publications:

Arthur Kantrowitz, Stability of Castering Wheels for Aircraft
Landing Gears, T.R. No. 686, NACA, 1940
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THE LATERAL STABILITY OF EQUAL-FLANGED ALUMINUM ALLOY I-BEAMS
SUBJECTED TO PURE BENDING, C. Dumont and H. N. Hill, NACA,
August 1940

Beams extruded from 27ST aluminum alloy were subjected to pure
bending loads which caused failure. Mechanical properties:

Flange Web
Tensile strength 62,735 61,350
Tensile yield strength 54,100 52,700
Compressive yield strength 56,150

Ends were not completely fixed, but degree of fixity was
ascertained. Thus, experimental results were used to verify
an equation for critical stress.

7 .
Sop = ﬂ’izﬂ- «/IZ[J(KL)Z + 6.58 I£h2]
(KL) “Z
Scr = critical stress in pounds per square inch
K = degree at end fixity
L. = laterally unsupported length of beam
Z = section modulus of beam about principle axis normal to
web
Iz = moment of inertia of beam about principle axis in web
J = torsion factor
h = depth of beam

See Timoshenko: Theory of Elastic Stability, McGraw Hill Book
Co., Inc., 1936.

Tests extended through plastic range of material, Material
chosen because tensile and compressive properties are approxi-
mately equal and wide elastic range.

Results indicated use of reduced modulus allows use of previous
equation into plastic region.

4E Et

r Gﬁi-kdi;)z

E

elastic modulus
tangent elastic modulus based on average compressive
stress :
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Modified equation

=]

7
er = EE' 1L2§—§§19—.Vriy[J(KLoz + 6.58 Izhz]
(KL) "Z i’

K = 0.5 for complete lateral restraint. For longest beams
(L = 88"), error in K was 4%. TFor shortest beam, (L = 18",
error in K was 19%.

Approximate values of S_,. computed by equivalent slenderness
ratio method were 20% lower than experimental values, where
buckling occurred near the yield strength. Values of S r
determined by Southwell method from load-deflection data agreed
with experimental values. Thus Southwell is applicable to
lateral buckling of I-beam.

I, =1I__ =0.04295 in4 (flanges)

2 Tyy
I =1 _ =1.3916 in®
XX
7 =0.6962 in>

I =0.0015382 in*

t. = 5/32

I.—b' __4 jos = 5/64

L___IY_ﬁ —F b = 1_3/8
-~ <—-rtw h =4
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Test No. Ltot Pcr Mcr Scr L Pcr
1 114 1,800 5,400 7,800 88 1,800
2 104 2,185 6,555 9,420 78 2,180
3 94 2,735 8,199 11,780 68 2,800
4 84 3,455 10,365 11,890 58 3,580
5 74 4,585 13,755 19,760 48 4,750
6 64 7,000 21,000 30,170 38 7,750
7 59 8,590 25,770 37,020 33 8,800
8 54 10,280 30,840 44,300 28 11,800
9 49 11,900 35,700 51,300 23 11,600
10 44 12,840 38,520 55,300 18 12,600

1From Southwell plot.

CHART FOR CRITICAL COMPRESSIVE STRESSES OF FLAT RECTANGULAR
PLATES, H. N. Hill, NACA, 1940

More complete coverage of subject in Marks' Engineering Handbook.

MOMENTS OF INERTTIA OF 32 AIRPLANES, William Gracey, NACA, 1940

Moments of inertia of planes were determined by pendulum method.
See NACA Rep. No. 467, 1933, for description,

Moments of inertia about X and Y axes (through c.g.) found by
swinging plane as compound pendulum, moment of inertia about Z
axis found by oscillating plane as a bifilar-torsional pendulum,
Corrections made for (1) bouyancy of structure, (2) air entrapped
within structure and (3) additional mass effect (to account for
payload, minor changes).

A, B, C - true moments of inertia in X, Y, Z directionms,

KX’ KY’ Kz - radii of gyration in X, Y, Z directions.

B C

CX’ CY’ CZ - span coefficients of moment of inertia.

x = %/b Sv = X €2 = X2/

Accuracy of method with corrections:

A+2
B + 1.3%
C+0
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Accuracy of weight schedule method: + 10%

STRESS DISTRIBUTION IN AND EQUIVALENT WIDTH OF FLANGES OF
WIDE, THIN WALL STEEL BEAMS, George Winter, Cornell University,
November 1940

The primary purpose of the investigation was to analyze the
stress distribution in the flanges of wide, thin wall beams of
I, T, U, and box shape and to obtain information applicable to
design. It is shown that the magnitude of the bending stresses
of the flanges of such beams varies across the width of the
section and that the amount of this variation depends upon the
dimensions of the beam and upon the type of loading.

Therefore, in the determination of the magnitude of the maximum
bending stress in design work, the equivalent width of such
flanges should be used instead of the actual width.

For the purpose of facilitating the experimental verification of
the analytical results, further curves were computed that give
the ratios of the maximum to the minimum bending stress in the
flanges. These ratios have been checked experimentally by means
of strain measurements on 11 I-beams. The experimental data
confirm very satisfactorily the analytical results.

It is further shown that the cross sections of wide beams made

of extremely thin sheets are subject to distortion that gives
rise to additional stress concentrations. The equationslisted
furnish simple conditions for determining the limiting dimensions
of beams for which the effect of this distortion may be neglected
in practical applications.

It may be easily verified numerically that practically all beams
with structurally possible dimensions will satisfy these condi-
tions:

FOR I-BEAMS FOR BOX BEAMS

b% _0.0817 E b2 0.0633 E

b 3 dh 3
1.v7 1.v% o
w w7

half the flange width

the flange thickness of the beam
the depth

the working stress

Ql

= Poisson's ratio
modulus of elasticity

m< Q5o
oo

31




Thus, data for the equivalent width given in the table and figure
below may be applied to any beam satisfying the conditions ex-
pressed in the above equationms.

Ratios of Equivalent to Actual Width, 2b'/2b

Beams i © 1. and T- Box and U-
2/b p(® p(P) p(& p(P)
7 0.857 0.575 0.880 0.557
2x 0.958 0.791 0.957 0.778
3n 0.981 0.881 0.983 0.881
by 0.990 0.927 0.989 0.926
53t 0.993 0.949 0.994 0.950

P(a) is uniformly distributed load.

P(b) is concentrated load at center of span or two equal
concentrated loads at quarter points.

1.0
i3
b
8
A -~ uniform
6 B — concentrated

10

32
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STRUCTURAL TESTS OF A STAINLESS STEEL WING PANEL BY HYDROSTATIC
LOADING, Ralph H. Upson, NACA, Washington, 1940

Object: To develop a metal wing which compares favorably with

wood and fabric wing in weight and cost, in this case
a lightly loaded wing with large unsupported panels.

Basis of Problem: Metal skin is superios to fabric in strength

and stiffness, but structure required to
prevent buckling of skin and transmit loads
negates weight and cost savings.

Solution: Eliminate excess structure and fabrication costs by

applying sufficient initial tension to skin to keep
it from buckling under f£light conditions.

Wing Characteristics

1.

et et e o m—— e [ S e A T T e e i s e v

Proportions - Testing method favored by wing with well-
rounded top and flat bottom so NACA 4400-series was chosen,
Calculations were simplified by modifying wing beyond 407%
chord point by following equation. '

(x-40) % (x-40) 5/2

Camber (% chord) = 4 - %00 5580

I
as"| / / / 2

”
24.3

L__\/__V__ _§Pa'_..__—L

— o ——— T -

4 - "~ Leading Edge

163

Structural Design - Skin 18-8 stainless steel 0.005" thick.
Rest of structure 18-8 stainless frame spotwelded, skin
screwed with 4-40 half hard shakeproof screws 1/2" on centers.
No stiffenérs except at leading edge. Laps 1/2" wide,

33
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joggled. Ribs 24" on centers, diagonal stiffeners for com-
pression due to negative torque and drag. Rib-flange ele-
ments 3/8"x 1/4'x 0.020" full hard angles, bent by crimping,
cross braced by hat lattices. Skin made watertight by
caulking. End bulkheads of solid steel plate, stiffened at
edges.

3. Construction - Frame assembled without skin, then twisted in
direction opposite to direction of air load twist, at a load
factor of 1.90. Trailing edge was jacked up to reduce twist.
Top skin was applied. Twisting force was reduced by 10%,
then bottom skin was applied.

Testing

CAA Condition I: Critical for wing beam.

Dynamic pressure q = 36.9
Load factor n==4,67
CN = 1.35
CC = .0.29

-0.08 about AC at 25% chord

=

Condition III: Maximum wing torque

q = 78.4

n = 3,20

CN =0.44

CC =0

CM = .0.08

Condition VII: 30© flaps - more critical than condition III
because lower pressure difference on skin leads to skin wrinkles.

q = 25.6
n = 2.00
Cy = 0.84
Co = 0.14
= .0.15

Gy

Assume span loaded in proportion to chord, wing weight distributed
similarly. Wing load = 10.7 1b-ft2. Wing weight = 1.5 1b-ftZ.
Effective load = 9.2 n 1b-fe2,

Observations of wing before water added:

Tension wrinkles on bottom.

Slight purkers along seam lines.
Seams wavy due to caulking between screws,
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Hydrostatic testing: Wing attached to test stand in inverted
position, water added to simulate air loads, air pressure super-
imposed to Simulate internal pressure. Torque and beam loads
were applied to a beam and arm attached to the spar at the
narrow end of the test section.

Results: Only permanent set observed up to limit loads was bow
in forward rib flanges at high pressures. Under static load
conditions (n=1) no wrinkles on top. Bottom wrinkles smoothed
out only at maximum dynamic pressure (24.4 1b-in2). Top skin
bulged under large bending moments, with large water heads.
Caused short wrinkles along seams, toward center of panel.
Diagonal braces appeared to increase wrinkles but not restrict
twist, Diagonals cut, wrinkles reduced. Wrinkles appeared first
at root, spread to tip as torque was applied, up to 2307 greater
than half-limit load under condition III.

Bottom rib flanges bowed out with large water head. Caused by
high outward pressure, which should not occur in flight, but was
necessary in test to get proper loads on top skin. Final test
destruction was made under Condition I. Buckling of compression
flange produced no failure or leakage in skin.

Conclusions: Results indicate feasibility of simplified all
metal construction. Thin skin carries tension only. Stiffeners
and diagonals are omitted. Rib spacing 2ft. Static loads, includ-
ing torque, carried without wrinkling; wrinkling at higher loads
confined almost entirely to edge attachments along chord lines.
Initial stressing beneficial., Could be increased, especially at
root. Spanwise tensioning of bottom skin could be decreased.
Chordwise curvature helps carry loads but contributes to wrink-
ling. 1Internal pressure above atmospheric helps little on top
but decreases bottom wrinkles.

Wing as built was 25% lighter than conventional. Fastenings
(esp. welds) reduced by 75%. Wing is well above CAA require-
ments in stiffness. Drag reduced by 12% over countersunk rivets
or 25% over brazier head rivets and plain laps. Waviness of skin
increases drag by as much as 6%.

EXTENSION OF PACK METHOD FOR COMPRESSIVE TESTS, C. S. Aitchison,
NACA, 1940

Author extends method he developed in Rep. No. 649, NACA, 1939,
for testing thin sheets in compression. Extends to thickness of
0.02" and 220 kips before instability failure limit reached.
Modifications were support against instability by fusing pack
together with varnish, and by special clamps. These do not
affect shape of stress-strain curve, merely delay instability
failure. Author concludes method to be satisfactory for research,
but too cumbersome for inspection testing.

35
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CYCLIC STRESS-STRAIN STUDIES OF METALS IN TORSION, D. A. Paul
and R. L. Moore, December 1940

(2) 17ST aluminum, mild steel, wrought iron, copper, brass and
magnesium alloy AM75S were tested by applying increments of
torque and determining the corresponding shear strains. Shear
stress was calculated by:

2Tr1 Sy = maximum shear stress, psi
S =
s & A T = torque, pound-inches
:r(rl - ro) que, p
r, = inner radius, inches
Ty = outer radius

(b) The data in this report should only be considered preliminary,
since a linear relationship was not found between shearing stress
and strain. Therefore, the data should only be used to point out
the type of change in the stress-strain relation due to torsion.

- E

0
()]
o
e
’ /
B D F
Strain

SHEAR LAG IN CORRUGATED SHEETS USED FOR THE CHORD MEMBER OF A
BOX BEAM, Joseph S. Newell and Eric Reissner, January 1941

The problem of the distribution of normal stress across a wide
corrugated sheet used as a chord of a box-beam like structure

*~




is investigated.

For the symmetrical beam: the stress parallel to the x-axis
at any point Y from the center of the sheet is:

Peo(l_x)
_ Io cosh ky
% 2 cosh kw
wte I
1+ o (1 + o | tanh kw
I 2,7 kv
o e A
o0
where:
P = load applied to beam at each loading point
£ = panel length
x = distance from midspan of beam and section under considera-
tion
e, = distance from centroid of H-beam and cover plate to
centroid of flat portion of corrugated sheet
Io = moment of inertia of H-beam and cover plate
w = one half developed width of sheet
t = thickness of corrugated sheet
Ao = area of H-beam and cover plates
1 \J3E
kK=1\7%

For the unsymmetrical beam Wlth unsymmetrlcal loading the stress
distribution is: .

1(0) * 50 coshky |, 51 = 8, ginn xy

= (4-%) { E cosh kw 2 : sinh =
where: ’ )
5,(0) = KBy +Ky,Py
&
z .
. 184 v T
11 I L (1-7,) + 27,
N 2 Toy)) tay
elA1 + I 2 2/2
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®1

2
. _ e1 A1 + I1
21 lfx hza 1
s A i e Y N

[3 8]

where:
1 4 1 2
az—z+_ and B = - =
(kw) 3 (kw)2 3

The results from experimental data agree quite well with the
results gained from the above formulations.

EFFECT OF ALTERNATELY HIGH AND LOW REPEATED STRESSES UPON THE
FATIGUE STRENGTH OF 25ST ALUMINUM ALLOY, G. W. Stickley,
January 1941

(a) Fatigue tests were made on 3/4 in. diameter rolled-and-drawn
258T aluminum-alloy rod at 3500 cycles per minute in a R.R. Moore
rotating beam fatigue-testing machine. The tests were made for
three ratios (20:1, 50:1, and 200:1) of the number of cycles at
low stress to the number applied at high stress.

(b) Failure occurred when the number of cycles at either the low
stress or high stress approached the fatigue curve for the
material, When the low stress was below the endurance limit
there was no effect on the fatigue life at the higher stress;
when low stress was above the endurance limit, the higher stress
had no effect on the fatigue life at the lower stress.

Overstressing had very little harmful effect on the fatigue life
of the material.

(o] 2011
g 50:1
& 200:1

iViax Stress

Cycles
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THE COMPRESSIVE YIELD STRENGTHS OF EXTRUDED SHAPES OF 24S-T
ALUMINUM ALLOY, R. L. Templin, F. M. Howell and E. C. Hartman,
NACA, 1941

Object - To find a direct relationship between compressive yield
strength and tensile yield strength. Large number of shapes and
sizes tested, found to form 3 groups. Two relations found,
compressive to tensile yield, and compressive yield to tensile
strength.

Relations to Tensile Yield Strength

hicess  Smpreteive Vield strength  Miniama compressive
Less than 0.250" 0.88 37,000 psi
0.250" to 1.499" 0.91 40,000 psi
1.500" to greater 0.96 49,900 psi

Relations to Tensile Strength

Thickness Compressive Yield Strength Minimum Compressive
* (fraction of tensile strength) Yield Strength
Less than 0.250" 0.66 37,600 psi
0.250" to 1.499" : 0.69 41,400 psi
1.500" and over 0.72 50,400 psi

Both relations are satisfactory for quality control work, being
much better than equating compressive and tensile yield strengths.
Less than 1% of specimens tested failed to reach minimum compres-
sive yield determined by either method.

COMPRESSION TEST OF SOME 17S-T ALUMINUM-ALLOY SPECIMENS OF I CROSS
SECTION, H. N. Hill, March 1941

(a) Seven specimens of 17S-T aluminum of I cross section varying
from 4 to 90 inches were loaded in compression by a 40,000-1b.
capacity Amsler testing machine.

(b) Equation for stress as a function of the equivalent slender-
ness ratio, kL/r, from page 37 of reference 1 (Anon: Structural
Aluminum Handbook. Aluminum Co. of Am., 2 ed., 1938) and a
compressive yield strength of 37,000 lbs:
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P kL L = length
A 43,800-350 E r = least radius of gyration
of column
k = coefficient defining the

degree of end restraint
(using experimental data k
was calculated to be 0.55)

(¢) The theoretical and experimental values were plotted and
compared; it was concluded that the methods of calculation given
on pages 37 to 41 of reference 1 give values that would be satis-

factory for design purposes.

Stress

kL/r

TESTS ON STIFFENED CIRCULAR CYLINDERS, Marshall Holt, Alcoa,
March 1941

Compressive tests made on two series of stiffemed circular

cylindrical shells under axial loads. All shells 16 inches in
diameter by 24 inches in length. Made of aluminum alloy sheet
curved and welded. Ratios of diameter to thickness of 258 and

572.
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1, Spacing of circumferential stiffeners (0.67 times radius)
was too great to obtain any appreciable strengthening of the
shell wall when subjected to axial compressive loads.

2. Although the specimens with longitudinal stiffeners developed
a greater compressive strength than the similar unstiffened
shells, a consideration of the relationship between the strength
and the proportions of the shell indicated that a still greater
strength could be obtained by redistributing the material in the
stiffeners so as to increase the thickness of the shell wall., An
optimum stiffener size and spacing was not proposed due to the
small number of tests and data.

3. There was no indication of buckling of the shell wall prior

to collapse of the stiffened specimens under axial compressive
load.

4. The compressive strengths of the two unstiffened cylinders
were about half as great as predicted by the classical buckling
theory of cylinders. From only these two cylinders, the author
proposes that "In other words, it appears that the strength of
well-made and carefully tested thin-wall cylinders may be cal-
culated by the formula

s =0.3E =
cr r
where:
8.y = critical buckling stress, pounds per square inch
E = modulus of elasticity, pounds per square inch
t = thickness of shell wall, inches
r = radius of cylinder, inches"

Two tested cylinders does seem to be rather low data to propose
such a formula.

5. The large-deflection theory given by Donnell gives computed
strengths slightly lower than these test results.

EFFECTS OF AGING ON MECHANICAL PROPERTIES OF ALUMINUM-ALLOY
RIVETS, Frederick C. Roop, National Bureau of Standards, 1941

Data represents the results of strength tests made during and
after 2 1/2 years of aging on rivets and rivet wire of 3/16 inch
diameter. :

Specimens were of aluminum alloy: 24S, 17S, and Al